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evidence and arguments in support of the Applicants belief that 
the multiply charged ions that are claimed as a novel composition 
of matter have a meaningful existence and utility in and of 
themselves that are above and beyond a transient role as inter- 
mediates in an analytical method. 

The Examiner seems to believe that the claimed multiply charged 
ions are unpatentable as compositions of matter because they lack 
utility and have only an incidental existence in the course of a 
procedure for determining molecular weight by mass spectrometry 
The Applicants respectfully disagree for the reasons that follow. 

The Legal Standard for Utility Requires a Very Limited 
Showing That the Invention Possess Any Form of Usefulness 

When an invention meets at least one stated objective, utility 
under Par. 101 is clearly shown. See, Raytheon Co. v. Roper Corp. ^724 
F.2d F.2d 951, 220 USPQ 592,598 (Fed. Cir. 1983); Standard Oil 
Co. (Indiana) v. Montedison. SpA . 664 F.2d 356,375, 212 USPQ 327, 
344 (3rd Cir. 1981), cert, denied. 456 U.S. 915 (1982) ("It is 
recognised that the required utility disclosure can be met if the 
disclosed properties of the invention indicate the material is 
useful for a specific purpose.") 

For an invention to be non-patentable on grounds of non-utility, 
it must have simply no usefulness, serving no known or realistic 
purpose. To be patentable, "a claimed invention must only be 
capable of performing some beneficial function." E.I, du Pont de 
Nemours & Co. v. Berkley & Co. , 620 F.2d 1247,205 USPQ 1, 8 n.10, 
10 n. 17 (8th Cir. 1980 ) ( underl lne emphasis added; bold emphasis 



in the original) See also, Envirotech Crp. v Al George. Inc. , 
703 F.2d 753.221 USPQ 473,480 (Fed. Cir. 1984) "Lack of utility 
means the invention is incapable of achieving any of the aims of 
the patent under any conditions." E.I, du Pont de Nemours & Co . v 
BfegRlBy & Co, . 620 F.2d 1247, 205 USPQ 1, 8 n.lO r 10 n. 17 (8th 
Cir. 1980) (internal quotation marks omitted, underline added). 
Moreover, "the defense of non-utility cannot be sustained without 
proof of total incapacity" . E.I, du Pont de Nemours & Co. v. Berkley 
& Co. , 620 F.2d 1247. 205 USP0 1, 8 n.10, 10 n. 17, (8th Cir. 1980) 
"Proof of non-utility or non-opera t iveness must be strong . . . every 
reasonable doubt being resolved in favor of the patentee " Id . 
(emphasis added.) See also , Envirotech 221 USPQ at 480. 

The composition of matter claimed in the present invention 
clearly has utility. As explained at great length in the original 
specification the high degree of charge multiplicity on the ions 
of large molecules in the claimed composition of matter makes 
possible the accurate determination of the masses of those ions 
and. therefore, the molecular weights of the large molecules from 
which they are formed. Not only does this multiple charging make 
molecular-weight determination possible for molecules much larger 
than could previously have been "weighed" by any available mass 
analyzer, it also allows investigators to perform this "weighing" 
with analysers whose nominal maximum mass capacity is much below 
the actual mass of the ions being weighed. (This "nominal" maximum 
mass capacity is traditionally expressed in terms of the mass of 
3ingly charged ionic species because before the invention practically 
all mass spectrometry was carried out with singly charged ions.) 
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Thus, for example, aa a result of the invention a amall relatively 
inexpensive quadrupole mas3 analyser in the inventors' laboratory 
with a nominal upper limit for mass of 1500 daltons, could weigh 
protein molecules with masses up to almost 40.000 daltons, heavier 
than the largest and most expensive magnetic sector instruments could 
weigh with comparable accuracy before the invention was made. 

An additional benefit of the invention is the multiplicity 
of charge states in the claimed composition of matter, i.e. the 
wide variation in the number of charges per ion in the ions of a 
particular parent molecular species. A consequence of this charge 
state multiplicity is that the mass spectra for the claimed 
compositions of matter contain a plurality of peaks for each 
particular parent molecular species, each peak occurring at a 
different value on the m/z 3cale of the spectrum. The initial 
reaction of almost all mass spectrometris t s to this peak multi- 
plicity was one of horror because, as many said, "a spectrum with 
several peaks for each species will be much too complicated for 
meaningful interpretation. Moreover, dividing the available charge 
among so many peaks will qreatly decrease analytical sensitivity." 
In fact, because these peaks are coherent, the ions of each peak 
differing only by one charge from those of immediately adjacent 
peaks, it becomes easy for a properly programmed computer to identify 
each one of the multiplicity of peaks that relate to a particular 
parent molecular species, even though they may be interspersed with 
peaks due to species other than the parent species of interest. 
Because each of the several peaks stemming from that parent species 
constitutes an independent measurement of the parent species mass. 
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an investigator can average the results of those independent meas- 
urements thereby greatly increasing the accuracy of, and confidence 
in, the resulting value of molecular weight for the parent species. 
As for the feared dilution of available charge, the inventors showed 
that appropriate deconvolut ion algorithms could in effect combine 
the signals from each of the several peaks for each species, thereby 
substantially increasing the signal/noise ratio for the single peak 
in the deconvoluted spectrum that corresponded to a particular parent 
molecular species . 

At the time that the inventors made their discovery nobody 
had even dreamed that large and fragile molecules like proteins 
could be transformed into ions having such extensive multiple 
charging that a single large molecule could become an ion carrying 
many tens of elementary charges. Indeed, it is doubtful that 
anybody believed that such ions could even exist, let alone be 
yeadily produced. For whatever reason it apparently never occurred 
to any previous investigators that it might be possible to put 
large numbers of charges on a single molecular ion, thus reducing 
its m/z value to the point where simple, relatively inexpensive 
analyzers could provide accurate molecular weight values for very 
large molecules. By the same token, they apparently never con- 
templated the possibility that such extensive multiple charging 
would also enable large expensive analyzers to provide extremely 
precise mass measurements for very large molecules. Both of those 
valuable features hav« bsen made possible by the invention. 

Accurate molecular weight information is always useful , often 
necessary, and sometimes sufficient, in determining the identity 



of a molecular apeciea. Positive identification of such species 
plays a vital role in elucidating the chemical processes that 
govern living systems. It is often a sine qua non in the devel4>ment 
of drugs and other therapeutic agents. In biotechnology, for 
example, investigators often try to synthesize artificial proteins 
and peptides that may differ from their natural counterparts only 
by the substitution of one amino acid for another in the sequence 
of amino acids found in the natural compound. Such syntheses often 
involve a long and costly stepwise procedure by which amino acids 
are added one at a time to a growing chain in a selected order. 
The chance for error increases substantially as the number of 
steps increases. Thu3 r when a long sequence has been prepared the 
investigator wants to know whether the result is what he or she 
had planned. Because the amount of material produced is very 
small it is important that the amount of sample consumed in any 
verification procedure be very small. An accurate determination 
of molecular weight is a very valuable piece of evidence in any 
verification procedure. By transforming some of the synthesized 
material into the claimed composition of matter the investiqator 
can then use mass analysis to obtain a very precise value of 
molecular veiqht from a very small quantity of sample and thus 
learn whether the product is actually what was sought. 

In another variation on this theme researchers sometimes 
spend a great deal of effort in extracting and isolating active 
species in natural materials of animal or vegatable origin. These 
active species may be large biomolecules such as proteins, peptides 
glycoproteins, carbohydrates, or nucleic acids. Moreover, they 
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may be present only at trace levels in the source material. Conse- 
quently, investigators may have to process many pounds of source 
material by lengthy and complicated extractive procedures to 
produce a few milligrams of product. It then becomes essential to 
.identify the components of this product while consuming only a 
very small amount of it. Here again, transformation of few micro- 
grams, or even nanograms, of the product into the claimed composition 
of matter makes it possible for mass analysis able to provide 
invaluable information on the product's composition and identity. 

These examples are only two of many applications in which the 
ability of the claimed composition of matter to provide accurate 
values of molecular weight for large and complex molecules plays 
an important and valuable role. Thus it should not be surprising 
that the invention* in daily use by many investigators in many 
parts of the world. Most of the major mass spectometer manufac- 
turers now offer electrospray sources for their instruments, often 
because those sources can produce the novel ion populations that 
are claimed in the subject invention. Last June in Chicago at the 
annual Conference on Mass Spectrometry and Allied Topics, there 
were over 300 papers involving electrospray ionization. A large 
fraction of those papers related to the production and mass analysis 
of large multiply charged ions to determine the molecular weight 
of their parent species. Clearly, the market place has endorsed 
the utility of the claimed ion populations in the determination 
of molecular weight. 

The Examiner has posed the question of whether the claimed 
compositions of matter have a meaningful existence per fifi. «*■ 
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whether they are simply intermediates havinq a transient existence 
during determination of molecular weight by the methods set forth 
and claimed in the already issued US patent 5,130,538. The method 
claims in that patent are based on the same specification in the 
original application of which the subject application is a continua- 
tion. The inventors respectfully suggest that the claimed ions 
are not simply transient species akin, for example, to free radicals 
and other active intermediates that play an important role in 
component steps of many chemical reactions. For example, in the 
apparently simple overall reaction H x + Br-^ 2 HBR , it has 
been v/ell established that H atoms and Br atoms are the so called 
chain carriers that keep the reaction going at a rapid rate. 
Thus, H + Br^ ^ HBr + Br and Br + H x HBr + H 
are the actual reactions by which the product HBr molecules are 
formed. In this model for the reaction mechanism each formation 
of a product HBr molecule is accompanied by the generation of an 
H atom or a Br atom, each of which can then initiate reaction with 
another Br^ or H x reactant molecule. Thus, once the reaction gets 
started it can keep going by continuing to produce the "chain 
carriers" H and Br that make it go until all the Br^ and/or 
molecules have been consumed. Many if not most so-called bimolecular 
reactions actually take place by way of intermediates such as the 
H and Br atoms in the simple example just described. These inter- 
mediates are indeed transient in the sense that they are usually 
so reactive that they will undergo a reaction and lose their 
identity in any collision with any but the most inert molecular 
species. All the reactive collisions that do not produce an offspring 
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intermediate result in "terminating the chain" , i.e. net destruction 
of the carrier that produces reaction. Thus^ these reactive inter- 
mediates rapidly disappear in the absence of reaction partners 
that will let them reproduce themselves. Even when their reactions 
are reproductive, the lifetimes of these reactive intermediates are 
generally so short that their steady 3tate concentrations in 
reacting mixtures are often too low to be detected directly. In 
many cases the only evidence for their existence is inferential 
in that one cannot explain observable features of the reaction 
system without invoking their presence. In effect they have no 
meaningful existence except as part of the reaction process. 

The situation is quite different for the claimed multiply 
charged ions. They are produced during the evaporation of charged 
droplets in a chamber containing bath gas at atmospheric pressure. 
They drift through this gas toward the aperture (tube or orifice} 
leading into the vacuum system. There they become entrained in 
some of the gas that flows into the aperture to emerge as a 
supersonic free jet in the first of one or more vacuum chambers 
in sequence. Finally they enter a mass analyzer-cum-detector 
combination and are weighed. Mo3t analyser-detector combinations 
depend upon the destruction of the ion in order to provide an 
output signal. In the particular case of analyzers based on "Ion 
Cyclotron Resonance (ICR), the ion3 can be "trapped" in an orbit 
cycle in a magnetic field whose cycling frequency is determined by 
their mass and the strength of the field. As they orbit they 
repeatedly pass by an "antenna" coil and induce a detectable AC 
current in an external circuit whose frequency indicates the ion 
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mass/charge ratio. In principle, the ions could be recovered 
unscathed after mass analysis has been completed. In practice, it 
is not worthwhile to attempt such recovery. Nevertheless, multiply 
charged ES ions have been stored for hours in 3uch traps. A somewhat 
similar situation obtains in so-called quadrupole ion traps which 
can 3tore ions for long periods of time by appropriate combinations 
of oscillating and static electric fields. However, to complete the 
weighing process requires removal of the ions from the trap for 
detection on an external detector that perforce destroys them. 

Even with "straight through" mass analysers that do not involve 
ion storage, the time from formation of ES ions in the source to 
their destruction can be ten3 of milliseconds which relatively 
speaking is eons in a world where the characteristic time scale 
for molecular interaction events is measured in micro-, nano- , 
pico- or femto- seconds. Moreover, the formation of ES ions occurs 
at a time and place that are both different from when and where they 
are weighed and detected. They are born in a source at high pressure 
and die in a detector in high vacuum, having passed through an 
analyser where they are weighed. During their lifetimes they 
undergo many millions of collisions with other molecules without 
losing their integrity or identity. In contrast, the active inter- 
mediates in a chemical reaction are produced, used and consumed 
at the same place and at the same time that the reaction is 
occurring. They have no existence except in the reaction scene. 
The ions constituting the claimed composition of matter are produced 
at a time and place quite different from the time and place of 
their use (i.e. in the mass analyser). Thus, they do exist and 
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have a meaning apart and away from the scene of their role in 
determining molecular weight. It is true that on the time scale 
of human experience, the claimed ions lead a very transient 
existence, but on the time scale appropriate for molecular events 
they live to a ripe old age. Indeed, as mentioned above, populations 
of claimed ions have been maintained or stored in ICR traps and 
Quadrupole Ion Traps for hours at a time. Clearly, their existence 
can be real and have actual or potential significance or meaning 
for time intervals much longer than the times that are required for 
their mass analysis. 

It is revealing to recall how the discovery of the claimed 
multiply charged ions occurred. The Applicants one day injected 
a solution of bovine insulin in 50:50 methanol water into their 
electrospray mass spectrometer. The resulting spectrum showed 
three distinct large peaks on the m/z scale'. They knew the molecular 

weight of this compound was 5,730 and the nominal upper limit of 

t 

mass for their analyzer was 1500. At first they suspected fragment- 
ation of the parent molecule but consideration of the m/z values 
persuaded them that the three peaks were due to ions comprising 
intact insulin molecules with respectively 4, 5 and 6 protons 
attached. In the next couple of weeks they tried solutions of 
several other proteins and peptides having molecular weights up 
to 39,800 (for alcohol dehydrogenase). The number of peaks attri- 
butable to the solute species increased with increasing molecular 
weight, reaching 15 for the largest. The inventors were so excited 
at obtaining clean and unigue mass spectra for such large molecules 
that they didn't immediately realize all the significance of their 
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observations. When initial excitement waned they started trying 
to interpret the spectra and soon found that each of the peaks 
could always be attributed to a complex comprising a solute protein 
or peptide molecule with some number of protons attached. Moreover, 
.they found that the peaks always formed a coherent sequence in which 
the ions of each peak differed from those of adjacent peaks by a 
single adduct proton. Next they found that knowing the molecular 
weight of the parent molecule they could determine the number of 
charges on the ions of each peak if they assumed the right value 
for the identity (mass) of each charge. At that point they did not 
yet recognize that these features of the spectral peaks also 
meant that molecular weight values could be obtained for an unknown 
parent species. That possibility, along with the realization that 
such molecular weight values could be extremely accurate, did not 
occur to the Applicants for another week or two when they suddenly 
realized that the m/z value of each peak was in effect an independent 
measurement of the parent molecular weight. Thus, one could average 
over as many values as there w^re peaks to obtain a most probable 
value of molecular weight with great accuracy and confidence. 

The point of this account is that the claimed ion populations 
were discovered and characterized quite some time before their use 
in determining molecular weight was realized. Thus the claimed ions 
had an existence and meaning all apart from their use in molecular 
weight determination which came after their discovery. The use of 
mass analysis in their discovery and description does not of itself 
automatically reveal utility in determining molcular weight. 

The applicants recognize that future investigators may find 



methods other than electropray ionization to produce the unique 
ion populations they discovered and are claiming. They believe that 
the claimed ion populations themselves, all apart from the method 
used to produce them, are sufficiently unique and useful to be 
entitled to patent protection. The Applicants further believe that 
under the applicable legal standard for utility they are eligible 
for patent protection on these novel ion populations without being 
required to have shown uses for them other than in the determina- 
tion of molecular weights, an application that they have fully 
described in the specif ication. That application is so important 
and valuable that the claimed composition of matter is already in 
daily use by many practitioners in many countries. 

The applicants recognized that the multiply charged ions they 
discovered were indeed new and unexpected. They had every reason 
to expect that new and unexpected uses would be found for these 
ions because it has very often been the case that novel composi- 
tions of matter with unusual properties have turned out to have 
many uses other than the one to which they were originally put. It 
would be counter-productive to the interests of society if inven- 
tors were to be denied patent protection on new compositions of 
matter except for the particular use that they initially find, 
describe and demonstrate. Such a policy would discourage and delay 
disclosure of discoveries by inventors until they themselves had 
explored, demonstrated and evaluated as many other uses as possible 
for their invention. The resulting delays in disclosure would mean 
that society would be denied the fruits of an invention for however 
long it might take the inventors themselves to obtain the time and 



and reaourcea required to develop other uaea for the invention. 
Only then could the inventors gain enough protection to make 
disclosure of their invention worthwhile. After all, the fundamental 
purpose of patent policy is to encourage the prompt disclosure and 
dissemination of discoveries and inventions by providing protection 
and resulting economic benefits to the inventors. 

In this perspective it is interesting to reflect on additional 
uses for the multiply charged ions of the invention that already 
have been found by other investigators as a result of the applicants 1 
discovery. Some of these other actual and possible uses are set 
forth briefly in accompanying exhibits A through F which will be 
summarised briefly in what follows. 

EXHIBIT A is a paper in the Journal of the American Chemical 
Society by Chowdhury, Katta and Chait showing for the first time 
that the charge state distribution in multiply charged electro3pray 
ions depends upon the conformation of the parent molecules in 
solution. This discovery introduced the possibility that measuring 
the charge state distribution of ES ions may provide a new approach 
to obtaining information on the conformation in solution of proteins, 
and possibly other kinds of molecules. Access to such information 
is of great interest and importance because the conformation of 
species like proteins determines their biological activity. This 
seminal discovery from the Chait group has stimulated exciting 
and fruitful studies by many other investigators, one of which is 
described in Exhibit B. Although mass spectrometry of multiply 
charged ions is the key investigative tool in these conformation 
studies, the explicit determination of molecular weight is not one 
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of the objectives, nor is it always necessary. 

EXHIBIT B comprises the abstract and first page of a paper 
in the Proceedings of the National Academy of Science that resulted 
directly from the findings of Exhibit A. It shows that the rate 
and extent of hydrogen-deuterium exchange for electrospray ions 
in the gas phase seems to depend on the conformation of the parent 
species in solution. This result provides a perspective on the 
important problem of protein conformation that supplements the 
results described in Exhibit A. The very idea that the effects of 
conformation on the reaction kinetics of proteins could be studied 
in the gas phase was almost inconceivable before the applicants 
made their invention. This "impossible dream" became reality as a 
direct result of the properties of the compositions of matter 
that they disclosed and claimed in the subject application. 

EXHIBITS CD and E show abstracts of papers or presentations 
from the Sundqvist group at Uppsala University. They have been 
using multiply charged electrospray ions as projectiles for 
bombarding surfaces. The extensive multiple charging of these 
ions means much higher charge/mass ratios, and therefore transla- 
tional energies, could be obtained for much more massive particles 
than had been possible before the inventors made and disclosed 
the claimed compositions of matter. There is little doubt that 
some scientifically interesting results will be obtained from 
these studies of particle surface interactions at very high incident 
energies. Indeed, some ultimately practical benefits might be 
achieved, one of which is outlined next. 

EXHIBITS F AMD G . In tryinq to achieve thermonuclear fusion 
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f D * D - > He) by inertial confinement, ultra powerful lasers are 
used to dump a lot of energy in a very short time uniformly over 
the surface of small solid pellet of deuterium- The resulting rapid 
evaporation of material from the surface produces a reactive 
implosion that results in tremendous compression of the core of the 
pellet. In this way investigators hope to achieve temperatures 
and densities in the pellet interior that are high enough to 
produce thermonuclear fusion. This approach has a severe handicap 
in that the laser energy is transformed into translat ional energy 
of light electrons which must then transfer it to the much heavier 
nucleons, an inherently inefficient process. Moreover, radiation 
by the energetic electrons results in substantial energy loss. As 

.. ■ 'a' ' ■ 

indicated in the publications of EXHIBITS F « the Brookhaven Group 
had the idea of bombarding a solid target with highly accelerated 
cluster ions comprising a hundred or so D^O molecules around a D^0 + 
ion. The resulting translat ional energy of the cluster is mostly in 
in the nucleons of the D atoms rather than the much lighter 
electrons. Upon stagnating at the target surface that translat ional 
energy would be thermalized to produced high translat ional temper- 
atures of those nucleons. The stagnation would involve shock 
waves in the cluster which the investigators hoped would provide 
peak temperatures at local hot spots that could reach fusion 
conditions. Because the transfer of energy from heavy deuterons to 
light electrons is just as inefficient as the transfer from electrons 
to deuteron nuclei, the electrons would not be rapidly excited so 
that radiation losses should be smaller. After some preliminary 
experiments that looked promising the group finally decided that 
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the yield of true thermonuclear fusion events was much lover than 
the first results with these heavy water clusters had indicated. 
The Yale group meanwhile had shown that intact ES ions could be 
produced from polyethylene glycol oligomers with molecular weights 
of 5,000,000, a thousand times heavier than the cluster ions used 
by the Brookhaven Group. Moreover, the charge/mass ratio for the 
large oligomer ions was two to three times greater than for the 
cluster ions. These characteristics were very attractive to the 
Brookhaven group so they fitted an ES source to their accelerator 
and obtained some preliminary experiments on surface bombardment 
with large ES ions that are described in EXHIBIT G. Then funding 
problems shut down the experiments and no more work has been 
done. However, the underlying logic of this approach seems reasonably 
sound and the ability of ES ionization to produce very large ions 
with high charge/mass ratios might make it work. Of course the 
parent oligomers would have to be deuterated for fusion to be 
effected but such deuteration is not a serious problem. The 
experiments of EXHIBITS C,D,E,F and G show uses for the claimed 
composition of matter that are markedly different from molecular 
weight determination and could be of much greater economic signi- 
ficance if they led the way to fusion power generation! The Uppsala 
group is continuing their experiments and may well pursue this 
fusion possibility further. The Brookhaven group would like to 
carry out further studies if they can obtain funding. 

EXHIBITS H AND 1 comprise two abstracts, H by Kolli and Ron 
Orlando on the use of ES ions for sequencing peptides and proteins, 
and I from the HcLafferty qroup on sequencing oligonucleotides. 
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Of major importance m bio acience and technoloqy 13 the problem 
of determining the sequences in which amino acids are linked 
together in peptides and proteins as veil as the order in which 
nucleotide base pairs are linked in DNA . Most previous work on 
this problem has been carried out by wet chemical methods that 
are relatively slow and tedious compared to what might be achieved 
by tandem mass spectrometry or MS-MS. In this latter technique a 
fir3t analyzer selects a particular parent ion (e.g. a protein or 
peptide). The selected ion is then dissociated into fragments by 
collisions with inert gas molecules such argon. A second mass 
analyzer determines the masses of the fragments. For example, 
suppose a small peptide ion is represented by ABC+ where A, B and 
C are three different amino acid residues. If the fragment ions 
include A+, B+, C+, AB+ and BC+ but no AC+ then one can be sure 
that the order of linking in the original peptide was indeed ABC. 
If there were AC + ions but no AB+ ions the sequence would have to 
have been ACB+ . The advent of multiply charged ions discoverd and 
claimed by the applicants provided the exciting possibility of 
extending this approach to much larger parent molecules. Moreover, 
the multiple charging means that one parent ion can give rise to 
several offspring 10ns. Singly charged parent ions can give rise 
to only one offspring ion. For large primary ions with extensive 
multiple charging there arises the problem of determining the 
charge state of multiply charged offspring ions because there is 
not the coherent sequence present in fragment 10ns that is always 
present in the initial ion populations that are produced by ES. 
However, as the abstracts show, mass analyzers having sufficiently 
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high resolution can provide the charge state of any ion species 
from the spacing of the isotopically resolved peaks. In sum f the 
multiply charged ions of the claimed composition of matter have 
given rise to a rapidly expanding activity in mass spectrometr ic 
sequencing of biopolymers. Of course the determination of maaa is 
an important component of the method but to achieve the overall 
objective of sequence determination that the claimed multiply 
charged ions make possible involves much more than just mass 
measurement and the primary multiply charged ions play a much 
more complex and active role than to serve simply as inert subjects 
for mass analysis. 

EXHIBIT J is the abstract and first page of a paper by Covey 
and Douglas in the Journal of the American Society for Mass 
Spectrometry. It shows the use of multiply charged ions in measure- 
ments of collision cross sections which give information on the 
effective geometric size of these ions in energy loss collisions. 
This study is another example of the use of multiply charged ions 
other than in the determination of their molecular weight. 

EXHIBIT K is the abstract and first page of a paper by 
Wysocki et al in the Journal of the American Society for Mass 
Spectrometry. It describes results obtained in the dissociation 
of multiply charged ions by collisions with a surface. Such Surface 
Induced Dissociation (SID) is likely to play an important role in 
Tandem Mass Sectrometry or MS-MS as outlined in the above discussion 
of EXHIBITS H and I. It is one more use of multiply charged ions 
that transcends the mere determination of molecular weight. 
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Conclusion. The Applicants believe that the foregoing 
discussion along with EXHIBITS A through ^ constitute strong 
evidence for the utility of the claimed multiply charged ions 
over and above their use in determining molecular weight'. The 
Examiner has suggested that they are simply transient intermediate 
species that have only an evanescent existence in the course of 
such molecular weight determination. He seems to believe that the 
claimed multiply charged ions are analogous to the reactive inter- 
mediates in chemical reactions that often have only a transient 
existence while the reaction takes place and cannot exist outside 
of the reaction zone. As pointed out in the abo^e discussion, the 
ions of the claimed composition of matter are produced well before 
the mass analysis takes place, in a region, at a time, and under 
conditions that are entirely different from those where the weighing 
takes place. Already in existence in the source, they are then 
transported into the mass analyzer and thence to the detector. In 
the apparatus described in the application (an electrospray source 
combined with a simple quadrupole mass analyzer) they have lifetimes 
and stabilities that are orders of magnitude greater than the inter- 
mediates of a chemical reaction. Moreover, as it has subsequently 
turned out, these multiply charged ions can exist for many hours 
in traps based on ion cyclotron resonance or quadrupole fields. 

With respect to the question of utility, the Applicants believe 
that the ability of the claimed ion populations to provide molecular 
weight values for much larger species with much greater accuracy 
than had been possible before the invention, is in itself sufficient 
utility under the applicable legal standard to justify allowance 
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of the claims. To bs remembered , as recounted above, is that the 
multiply charged ion populations that are claimed as new composi- 
tions of matter were discovered and characterized before their 
utility in determining molecular weight was realized and reduced^ 
to practice. In that discovery process a mass analyzer was used 
to detect and reveal some features of these new and unusual ion 
populations but not to determine the molecular weight of the 
species from which they were formed in those first experiments. 
The utility of these claimed populations in determination of 
molecular weight was discovered later in a separate study. Thus, 
the claimed ions had a meaningful existence separate and apart 
from and prior to their use in determining molecular weight. Their 
existence was not and is not simply an incidental intermediate in 
the determination of molecular weight. 

In addition, the Applicants have shown in the accompany ing 
Appendices that many other uses for the claimed ions have emerged. 
To be sure, these other uses were not known and set forth in the 
specification and of course cannot be claimed as such, but some 
if not most of them constitute, for the claimed ions with multiple 
charges, uses to which experimentalists have often put the singly 
charged ions with which they have long been familiar. The Applicants 
had every reason to believe that the novel multiply charged ions 
that they discovered and have disclosed in their application, 
along with a method of producing them, would be used by other 
experimentalists in the various well known ways that singly charged 
ions have long been used, once those investigators learned about 
the invention. Indeed, just that has happened. 
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In sum, the Applicants believe: 

(1) that they have discovered and characterized a new composi- 
tion of matter comprising populations of multiply charged ions as 



(2) that they have demonstrated the utility of this new 
composition of matter in achieving the valuable objective of 
obtaining accurate values of molecular weight with more accuracy 
and for much larger molecules than was possible prior to their 
invention , 

(3) that the claims as presented define a patentable advance 
over the prior art of record and 



fully described in the application. 



(4) that the application is in condition for allowance. 



Respectfully Submitted, 




John B. Fenn 



4J909 Gary Street Road 
Richmond, VA 23226 
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IN RE: APPLICATION OF JOHN B FENN 
ET AL SERIAL NO. 07/911.405 

EXHIBITS A K TO ACCOMPANY APPLI_ 
CANTS RESPONSE TO OFFICE ACTION 
OF 12 OCTOBER 1994 

trans selectivity is best accounted for by the transition state 10 
with both R and the car bony I group equatorial rather than the 
alternative 9. 

Another interesting feature of MA BR in the intramolecular 
ene reactions is the remote stereochemical control observed in the 
transformation of substrate 16 to E-olefinic alcohol 17 exclusively. 2 



J 



rr* 

1 16 



Al— 



CH,CI, 
-78°C 




9? 



MtfAICl 
MABR : 



OH 

63% < 68 : 12 ) 
70% ( 100 : 0 ) 



Supplementary Material Available: Experimental details of the 
Lewis acid preparation, enc reactions with MABR. and prepa- 
ration of compounds 11 and 13 (2 pages). Ordering information 
is given on any current masthead page. 



(5) The structure of 13 was confirmed bv conversion to the known trans- 
decalin-U-diol (Grutzmacner. H.-F.; Tolkien. G. Tetrahedron 1977. 33. 221), 



Probing Conformational Changes in Proteins by Mass 
Spectrometry 

Swapan K. Chowdhury. Viswanatham Katta, and 
Brian T. Chait* 

The Rockefeller University. New York. i\ew York 10021 

Received August i. 1990 
. Revised Manuscript Received October 11. 1990 

Mass spectrometry has found wide application for the eluci- 
dation of ihc primary structures of proteins. 1 However, with the 
exception of topographical studies of membrane-bound proteins. 2 
mass spectrometry has not previously been utilized to obtain 
information concerning the three-dimensional conformation of 
proteins. In the present communication, we describe the first use 
of mass spectrometry for probing conformational changes in 
proteins in a manner analogous to that employed in techniques 
like optical rotary dispersion, circular dichroism, and spectro- 
photometry. 3,4 

^The new technique lor probing the protein conformational 
chances makes use of clcctrospray ionization, which is a gentle 
method of ionization that produces intact multiply charged 
gas-phase ions from protein molecules in solution. 5,6 The multiply 



f I) Biemann. K.: Martin. S. Mass Spectrom. Rev. 1987. 6. 1-75. Hunt. 
D. F.: Yates, J. R.. Ill: Shaoanowuz. J.; Winston. S.; Hauer C R Proe. Natl. 
Acad. Sei. US.A. 1986. 83. 6233-7. 

(2) Falick. A. M.; Mcl. S. F.; Stroud, R. M.: Burlingame. A. L. in 
Techniques in Protein Chemistry. Hugli, T. E.. Ed.; Academic: San Diego, 
1989: pp 152-9. 

(3) Ghelis. C; Yon. J. Protein Foldinr. Academic Press: New York. 1982. 
f4) Lapanie. S. Phvstcoenemtcai Aspects of Protein Oenaturatton: Wi- 

ley-lnterscience: New York. 1978. 

(5) Fenn. J. B.: Mann. M : Meng. C. K.; Wong. S. F : Whitchouse. C. M. 
Science 1989. 246. 64-71 
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Figure I. Electrospray ionization mass spectra of bovine cytochrome c 
obtained with different acetic acid concentrations in aqueous protein 
solutions. Protein concentration is I X I0~ 5 M: (a) 4% acetic acid. pH 
= 2.6. (b) 0.2% acetic acid. pH = 3.0. and (c) no acid. pH = 5.2. The 
labels on the peaks. n+. indicate the number of protons, n. attached to 
the protein molecule. 

charged ions observed in the positive ion spectra arc produced 
primarily as a result of proton attachment to available basic sites 
in the protein molecule. The availability of ionizable basic sites 
is determined by the conformation of the protein under the con- 
ditions of study, which include pH, temperature, and the presence 
of denaturing agents. In general, a protein in a tightly folded 
conformation will have fewer basic sites available for protonation 
compared to the same protein in an unfolded conformation. If 
the charge states of the gas-phase ions observed in the electrospray 



(6) Smith, R. D.; Loo. J. A.: Edmonds. C. G.; Barinaga. C J.; Udseth. H. 
R. Anal. Chem. 1990. 62. 882-99. 
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mass spectrum reflect the charge states of the protein in solution, 
then the spectrum will yield information regarding the confor- 
mational state of the protein. 

The mass spectra of bovine cytochrome c. shown in Figure I. 
were obtained 7 by eiectrospraying aqueous solutions over a range 
of pH values (2.6-5.2) where the cytochromes c are known to 
undergo conformational changes. 9-1 5 The mass spectrum obtained 
from a solution at pH 2.6 (Figure la) exhibits eight peaks, each 
one corresponding to a different protonation state of cytochrome 
c. These protonation states range from 1 1+ to 18+ with 16+ being 
the most intense. Mass spectra of this type, exhibiting ions with 
a wide distribution of charge states and a single maximum, arc 
typical of the clcctrospray ionization mass spectra of proteins that 
have been reported. 5 - 6 * 1 Surprisingly, as the pH of the sprayed 
solution was increased to 3.0. a second maximum with a pro- 
tonation state of 8+ appears in the mass spectrum (Figure lb). 
The width of this second distribution is narrow and is largely 
composed of the 8+ ion peak. Upon further increase of the pH 
to 5.2, the intensity of the distribution centered around 16+ 
decreases substantially and a third distribution centering around 
10+ (with protonation states ranging from 8+ to 1 2+) is observed 
to dominate the spectrum (Figure 1c). Determination of molecular 
mass from the observed mass-to-charge ratios confirmed that all 
the peaks designated as 8+ to 18+ arise from intact bovine cy- 
tochrome v. We interpret the dramatic changes observed in the 
cytochrome c mass spectra ( Figure I ) to result Irom differences 
in the conformational states of the protein in solution. 

At low pH. the protein unfolds (state A) so that it can accept 
a large number of protons ( Figure la). As the pH is raised, some 
of the cytochrome c molecules fold into a relatively tight con- 
formation (state B) that can accept far fewer protons and produces 
a second distribution centered at the 8+ charge state (Figure lb). 
The simultaneous observation of two discrete distributions of ions 
with no ions having intermediate charge states provides evidence 
for a highly cooperative transition between the two conformations. 
The light conformation. B. can readily be convened into the highly 
charged unfolded state. A. by the addition of a denaturing agent 
such as methanol. Upon a further increase in the pH. virtually 
all the protein molecules arc converted into a second folded 
conformation (state C) that can accept a larger number of protons 
than B but a smaller number than A. 

The acid unfolding of cytochrome c has been extensivelv studied 
by various other tcchniaues including actd-base titrations. 7 optical 
rotation. 10 spectrophotometry. * 1 circular dichroism,^ 
fluorescence. 15 NMR. 16 temperature tump. :: i? and viscometry. 14 - 1 - 
Thc existence of at least three conformational states tn acidic 
conditions has been reported. '■"• IJ - IS -" The results of the present 
investigation also indicate the presence of three distinct confor- 
mational states of cytochrome c for electrospraycd solutions in 
the pH range 2.6-5.2. In the elcctrospray ionization process, small 
highly charged droplets are initially formed that rapidly evaporate 



(7) The aqueous proiein solutions (without the addition of anv buffers) 
were elect rosprayed at room temperature through a 150-jim-i.d. stainless steel 
syringe needle, whose up was etched to provide a sharp conical shape. The 
clcctrospray ionization mass spectrometer used in the present investigations 
has been described earner. 1 All the experiments were performed under 
identical conditions, except for the amounts of acetic acid added to the sprav 
solutions and the flow rates, which rangea between 0, 1 5 uL/min at pH = 2.6 
and 1.0 uL/min at pH = 5.2. 

(8) Chowdhury. S. K.. Katta. V.; Chait. B. T. Rapid Commun. Mass 
Spearom. 1990. 3. 81-7. 

(9) Theorell. H.: Akesson. A. J. Am. Chem, Soc. 1941. 63. 1804-20. 

(10) Knapp. J. A.: Pace. C. N. Biochemistry 1974. 13. 1289-94 

(11) Dickerson. R. E.; Timkovich, R. In The Enzymes: Bover. P. D.. Ed.: 
Academic Press: New York. 1975: Vol. II. pp 397-547. Drew. H. R.; 
Dickerson. R. E. J. Biol. Chem. 1978. 253. 8420-7. 

(12) Dyson. H. J.: Beattie. J. K. J. Biol. Chem. 1982. 25 m . 2267-73 

(13) Kaminsky. L.S.: Miller. V. J. : Davison. A. J. Biochemistry 1973. /„\ 
2215. 

(14) Babul. J.: Slcllwacen. E. Biochemistry 1972. //. 1195-1200. 

( 1 5) Goto. Y.; Calciano. L. J.; Fink. A. L. Proc. Natl. Acad. Sci. U.S.A. 
1990. 87. 573-7. Goto. Y.: Takahashi. N.: Fink. A. L. Biochemistry 1990. 
29. 3480-8. 

(16) McDonald. C. C; Phillips. W. D. Biochemistry 1973. /.\ 3170-86. 

(17) Tsong. T. Y. Biochemistry 1973. 12. 2209-14. 



before gas-phase ions are finally produced. Because the evolution 
of the effective pH of the rapidly evaporating charged droplets 
is not known, a direct correlation between the presently observed 
and previously reported conformational states cannot be made. 

The technique has also been applied to the investigation of 
conformational changes in horse cytochrome r, bovine ubiquitin, 
and yeast ubiquitin induced by changes in pH and by addition 
of organic solvents. 18 Dramatic changes in the charge distributions 
were observed in each case that could be correlated with changes 
in protein conformation. It is noteworthy that the charge dis- 
tributions of proteins containing disulfide bonds have also been 
observed to be increased by reduction of the disulfide bonds. 19 

Our findings demonstrate the viability of a new physical method 
for probing conformational changes in proteins. In addition, these 
studies provide the basis for a better understanding of the roles 
of solvent composition and protein conformation in the degree to 
which proteins are ionized in the elcctrospray process. 
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1 18) Katta. V.: Chowdhurv. S. K.; Chait. B. T.. manuscript tn preparation, 
t 19) Loo. J. A.; Edmonds. C. G.; Udscth. H. R : Smith, R. D. Anal. Chem. 
1990. 62. 693-8. 
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Potential applications of mctallacyclcs in organic synthesis 1 and. 
more recently, in the area of electronic materials 2 have stimulated 
extensive research into the properties and reactivity of this com- 
pound class. A virtually untapped source of metallacycle reactivity 
lies in the chemistry of the ring substitucnis, particularly the 
u-substiiucnis due to their close proximity to adjacent coordination 
sites. 34 Herein we describe the iridiacyclc-mcdiatcd alkyne 
cleavage reaction represented by cq 1. Although such a trans- 
formation is rare. 3 and remarkable in its own right, labeling studies 
have revealed a novel mechanism that includes surreptitious in- 
volvement of an tt-mctallacycle substituent. 

M + H : 0 + HC^CR' - MCO + H 3 CR' ( 1 ) 

Whe n a wet chloroform-^, solution of Ir(CR=CR- 

CR=CRMPPh 3 MNCCH,)2*BF 4 - (I) 6 (R = CO : CH,. 9.5 
mM) and methyl propiolate (95 mM) is maintained at 23 °C for 



(1) (a) Schore. N. E. Chem. Rev. 1988. 88. 1081. (b) Lindner. E. Adv. 
Heterocvci. Chem. 1986. 39. 237. (c) Vollhardi. K. P. C. An?ew Chem.. Int. 
Ed. Entf. 1984. 23. 539. fd) Chappcil, S. D.; Cole- Hamilton, D. J. Poly- 
hedron 1982. /. 739. 

(2) (a) Fagan. P. J.i Nugent. W. A. J. Am. Chem. Soc. 1988. 110. 2310. 
(b) Parshall. G. W. Omanomet allies 1987. 6. 687. (c) Bradlev. D. C: Faktor. 
M. M.; Scott. M.: White. E. A. D. J. Crvst. Growth 1986. 75. 101. 

(3) Metallacycle ar-substitucnis are known to react further with the caroon 
framework of mctallacycies as in the cobalt- media ted enediyne chemistrv of 
Vollhardt tret lc>. 

(4) O'Connor. J. M.: Pu. L.: Chadha. R.Angew. Chem.. int. Ed. Engl. 
1990. 29, 543. 

(5) Sullivan. B. P.: Smvthe. R. S.; Kober. E. M,: Meyer. T. J. J. Am. 
Chem. Soc. 1982, 104. 4701 . Mountassir. C; Hadda. T. B.; LcBozec. H. J. 
Organomet. Chem. 1990. 388. CI 3. 

(6) O'Connor, J. M.: Pu. L.; Rheingold. A. L. J. Am. Chem. Soc. 1989. 
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ABSTRACT For further insight into the role of solvent in 
protein conformer stabilization, the structural and dynamic 
properties of protein ions in vacuo have been probed by 
hydrogen-deuterium exchange in a Fourier-transform mass 
spectrometer. Multiply charged ions generated by electrospray 
ionization of five proteins show exchange reactions with 2 H 2 0 
at 10~ 7 torr (1 torr = 133.3 Pa) exhibiting pseudo-first-order 
kinetics. Gas-phase compactness of the S-^S cross-linked RNase 
A relative to denatured S-derivatized RNase A is indicated by 
exchange of 35 and 135 hydrogen atoms, respectively. For pure 
cytochrome c ions, the existence of at least three distinct 
gaseous conformers is indicated by the substantially different 
values— 52, 113, and 74— of reactive H atoms; the observation 
of these same values for ions of a number — 2, 7, and 5, 
respectively — of different charge states indicates conforma- 
tional insensitivity to coulombic forces. For each of these 
conformers, the compactness in vacuo indicated by these values 
corresponds directly to that of a known conformer structure in 
the solution from which the conformer ions are produced by 
electrospray. S-derivatized RNase A ions also exist as at least 
two gaseous conformers exchanging 50-140 H atoms. Gaseous 
conformer ions are isomerically stable for hours: removal of 
solvent greatly increases conformational rigidity. More specific 
ton-molecule reactions could provide further details of con- 
former structures. 



The relationship between the dynamic structure of proteins in 
solution and their biological activity has been oi" long- 
standing research interest. Protein folding is probably the 
least well understood step in the sequence of transformations 
relating genetic information with its expression by protein 
function (1). Dramatic new ionization methods for mass 
spectrometry (MS) have made possible the formation of 
protein ions in the gas phase to measure molecular weight and 
primary sequence information (2-4), even on fmol samples 
(5. 6). Recent studies indicate that protein conformations in 
solution can affect the resulting charge distribution of the 
gaseous multiply charged ions formed by electrospray ion- 
ization (ESI) (7-9) and that even noncovalent complexes can 
survive ESI to form gaseous multiply charged ions 1 10-15). 

Critical information concerning solvent effects on the 
conformation and dynamic properties of proteins has come 
from NMR (16) and from isotope-exchange experiments with 
: H 2 0 (17), including those before and during ESI/MS (18. 
19). With an activation energy of 17-20 kcal/mol (1 cal = 
4.184 J) ( 17). the H / 2 H exchange rate depends on the pH (17), 
electrostatic effects (20). proximity of the solvent-accessible 
surface (21). and conformational flexibility with hydrogen 
bond cleavage and formation during local unfolding and 
folding t22). Studies of gaseous proteins should help delineate 
the role of solvent in stabilizing protein conformations, but 
such previous studies have been mainly theoretical (23) 



The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement * 
in accordance with 18 U.S.C. S 1734 solely to indicate this fact. 



because of the lack of experimental approaches. We report 
here that conformations of gaseous multiply charged protein 
ions can be characterized by their H/ 2 H exchange kinetics, 
providing definitive evidence of distinct stable conformations 
that can coexist in the gas phase. 

MATERIALS AND METHODS 

Protein solutions were electrosprayed and the resulting ions 
were transferred and accumulated for 5 s (24) in the analyzer 
cell of a Fourier-transform ion-cyclotron-resonance mass 
spectrometer with a 6.2-T magnet. Designated preliminary 
experiments were run on a similar instrument with a 2.8-T 
magnet as described (5, 6). The ions were allowed to react for 
different time periods (separate runs) with l WiQ before 
excitation and detection. 

Purified RNase A was a gift from H. A. Scheraga (Cornell 
University). RNase A S-alkylated with 4-vinylpyridine (VP- 
RNasei was obtained from RNase A by reduction with 
dithiothreitol in 4 M guanidinium isothiocyanate (0.1 M 
Tris-HCI, pH 8); thiol blocking by alkylation with 4-vinylpyr- 
idine; followed by quenching, dialysis, and lyophilization. 
Other protein samples were obtained from Sigma. 

RESULTS AND DISCUSSION 

Gaseous multiply charged ions were formed from equine 
cytochrome c (12.3 kDa) by ESI (2, 4-6). These were 
assumed to be pure (e.g.. no noncovalently bound water 
molecules), as they exhibit the expected isotopic peaks (Fig. 
1 Inset) and molecular mass values (5. 6). These ions were 
allowed to react with 2 H 2 0 (10~ 7 torr; 1 torr = 133.3 Pa) for 
increasing time periods (Fig. 1). with the increasing mass 
reflecting the number of : H atoms exchanged for H atoms 
versus time. A plot of these values (Fig. 2 A) is consistent 
(exponential regression coefficients, =0.995) with pseudo- 
first-order exchange kinetics for each charge state (Fig. IB). 
The left intercept also indicates the maximum number of 
hydrogens exchangeable by this process. Data observable at 
>1000 s and at higher pressure indicate that other H/ 2 H 
exchange processes must be slower by at least a factor of 20. 
The number of exchangeable hydrogens is nearly indepen- 
dent of charge state, although higher values have been 
achieved with other electrospray conditions (other than cap- 
illary temperature and voltage offset). However, electro- 
spraying cytochrome c from CH 3 0 2 H/ 2 H } 0* solution indi- 
cates exchanges of 187 hydrogens (subtracting the 2 H* 
species added in ionization); in this molecule, there are 198 
hydrogens bound to heteroatoms, the type of hydrogen 
expected to undergo H/ 2 H exchange (17). 

Surprisingly, the spectra of exchanged charge states 12+- 
14+ show (Fig. 1) peak splitting, indicating that two different 



Abbreviations: ESI, electrospray ionization; VP-RNase. S-alkylated 

RNase A; PA. proton affinity. 
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Impacts of Polyatomic Ions on Surfaces: Conformation and Degrefi_of__— — _ 
Fragmentation of Molecular Ions Determined by Lateral Dimensions of Impact 
Features 



C.T. Reimann,* A.P. Quist, J. Kopniczky, and B.U.R. Sundqvist 

Division of Ion Physics, Department of Radiation Sciences, Uppsala University 

Box 535, S-751 21, Uppsala, Sweden 

R. Erlandsson and P. Tengvall 

Laboratory of Applied Physics, Department of Physics and Measurement Technology, 
Linkoping Institute of Technology, S-581 83 Linkoping, Sweden 

Massive, multiply-charged molecular ions produced by an electrospray ionization source 
are accelerated and directed onto flat target surfaces. Scanning force microscope (SFM) 
techniques are employed to examine the giant defects that are produced by individual 
incident ions. These defects appear as oblong hillocks, the widths of which indicate a 
typical distance over which the deposited energy density reaches a high enough level to 
permanently disrupt the surface structure. When the lengths of these hillocks exceed the 
widths, then the lengths yield qualitative information about the conformation of the 
incident molecular ions. Conversely, observation of low, small circular hillocks constitutes 
evidence for extensive fragmentation. Here, it is demonstrated in a simple visual fashion 
that electrosprayed polyethylene glycol) is easily fragmented by collisions with residual 
gas, and that electrosprayed native albumin molecules are partly denatured in the gas 
phase. Electrosprayed denatured albumin molecules appear in an extended, narrow 
configuration much longer than typical dimensions of the native molecule. Coulomb 
forces no doubt play a role in determining the structure of the gas-phase ions. These 
experimental results provide the first direct view of the conformation of electrosprayed 
molecules. 

* Corresponding author. 
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Collisional Excitation of Surfaces by Incident Energetic Polyatomic Ions: 
Recent Experimental Results and Theoretical Highlights 

GT. Reimann. J. Axelsson, A.P. Quist, P. Sullivan, M. Tjin A Ton, R. Zubarev, E. Parilis, 
L Bitensky, P. Demirev, P. Hikansson, and B.U.R. Sundqvist 
Division of Ion Physics, Dept. of Radiation Sciences, Uppsala University, 
Box 535, S-751 21 Uppsala SWEDEN 

The interaction between an incident energetic duster ion and a surface can give rise to a numbt 
of unique phenomena due to the high density of deposited energy and the occurrence c 
cooperative collision sequences as the duster impacts the surface. The physics of duster-surfac 
impacts is only poorly understood at present; however, research on this topic has been stimulate 
by a number of practical issues. For example, duster impacts have been demonstrated to provid 
a unique means of preparing 1 and modifying 2 surfaces. Also, in biological mass spectrometry 
massive biomolecular ions are detected by processes occurring when the analyte impacts 
detector surface. Two practical questions arise: How do detectors of biomolecular ions function 
Can these detectors be improved? 3 * 5 A further stimulus for mass spectrometrists has been th 
recent demonstration that cluster impact constitutes an exdting new means of desorbing largt 
thermally labile molecules from surfaces as ions suitable for mass spectrometric analysis. 6 

In this contribution, a brief summary is given of results obtained using the Uppsala multiply 
charged macromolecular ion accelerator (MUMMA). In this project, surfaces are bombarded wit 
various protein ions accelerated to speeds around 50 km sec 1 . Resulting surf ace defects in the forr 
of craters and hillocks have been imaged with scanning probe microscopy techniques, giving due 
about the conformation (shape) of electrosprayed protein ions. Secondary electron emission (SEE 
upon duster impact has been studied, and trends observed in the data provide information abou 
various aspects of the duster-surface interaction. SEE also provides useful information about th 
mass of the analyte. Finally, a preliminary experiment on ionic desorption induced by indden 
duster ions has been performed. The yield of secondary ions is sublinear in impact kinetic energy 
and seems to depend on molecular conformation. The MUMMA results obtained so far are briefl- 
compared with results from several parallel experiments carried out by other research groups. 

At present, our understanding of energetic duster-surface interactions is strongly guided b' 
theoretical efforts. In particular, increasingly sophisticated molecular dynamics simulation- 
provide a wealth of dues on the slo wing-do wn of impacting dusters and on transient high energy 
density conditions existing during and after impact. In this contribution, a few theoretica. 
highlights are given, where appropriate. Considering the existing experimental and theoretica. 
state-of-the-art, a number of open questions remain which form the basis for a new generation o. 
experiments. 
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Ouster-Impact Fusion 

IL J. Beuhler, G. Friedlander, and L. Friedman ~r 

Chemistry Department, Brookhaven National Laboratory, Upton, New York 1 1973 ■.-*•*"- 

(Received 9 June 1989) '..1 -;\~" 

Deuteron-deutcron fusion, detected via the 3-MeV protons produced, is shown to occur when singly 
charged clusters of 25 to 1300 DaO molecules, accelerated to 200 to 325 keV, impinge on TiD targets. 
The energy and cluster-size dependence of the fusion rate are discussed. The fusion events axe shown to 
originate from the cluster-ion impacts rather than from D* or D2O* ions in the beam. The observed 
rates may be correlated with the compressions and high energy densities created in collision spikes by 
cluster-ion impacts. 

PACS number* 79.20.Rf, 25.45.-z, 47.40.Nm, 52.50.Lp 



The impact of accelerated cluster ions on solid sur- 
faces has been shown to produce very high transient par- 
tide and energy densities. 1 The experiments reported in 
this Letter show that singly charged, heavy-water cluster 
ions containing between 25 and 1300 D 2 0 molecules and 
accelerated to energies up to 325 keV can, on impact 
with titanium deuteride targets, generate thermonuclear 
D-D fusion reactions. 

The apparatus used for the experiments is shown 
schematically in Fig. 1. The ion source and the tech- 
niques for mass analysis and for acceleration of water 
cluster ions have previously been described in detail. 2 
Water molecule ions in helium carrier gas were generat- 
ed in a corona discharge. The weakly ionized gas mix- 
ture was expanded through a nozzle and skimmer into a 
high-vacuum system. As discussed previously, 2,3 a com- 
bination of mass analysis and careful determination of 
secondary-electron yields produced by impact of cluster 
ions on a target suffices to determine the m/e ratios of 
the ions and to count the number and kind of atoms in 
the cluster. 

The cluster ions prepared by these techniques were 



subjected to quadrupole mass analysis 2 and electrostatic 
focusing before introduction into a Cockroft- Walton ac- 
celerator approximately 1 m long. After acceleration, 
ions passed through an aperture into a vacuum chamber 
containing a TiD target of about 1-cm 2 surface area at 
—45° to the beam axis and approximately 1.5 cm from 
a 300-mm 2 Ortec "ruggedized" silicon solid-state detec- 
tor. The active surface of the detector was covered with 
a 50-ji g/cm 2 layer of aluminum. 

The cluster beam current was monitored by measure- 
ment of secondary electrons ejected from the TiD target 
(Lc. t measurement of apparent positive-ion current to the 
target). Cluster-ion intensity measurements are subject 
to error when a small fraction of the ions make grazing 
collisions with the edges of the column exit aperture. 
Such collisions produce low-mass fragments [e.g., 300- 
eV dcuterons from 300-keV (D 2 0) t0 o clusters] that can 
eject secondary electrons from the target but do not have 
enough energy to produce D-D reactions. Careful atten- 
tion to optimization of secondary-electron distributions is 
required to ensure proper beam focusing, particularly 
when the beam energy is varied. Relative values of pri- 



ACCELERATI0N COLUMN 



DRAW-OUT ION 
LENS SOURCE 




FOCUSING 
LENS 



SKIMMER 



APERTURE 



FIG. 1 . Schematic diagram of the apparatus. A mixture of D 2 0 and He gas is ionized in a corona discharge in the ion source and 
expanded through a supersonic nozzle into a differentially pumped region between nozzle and skimmer. Cluster ions pass through 
the skimmer, are extracted with 10-50 eV by the draw-out lens, and mass analyzed in the quadrupole mass spectrometer using a 
low-frequency ( — 292 kHz) power supply. The mass-analyzed ions are focused and then accelerated in a Cockroft- Walton column. 
Ions traverse an —1-cm aperture and impact on a TiD target attached to a Keithly picoammeter. A silicon solid-state detector —I 
cm from the target is used to measure protons, tritons, and x rays produced by cluster impact on the TiD target. 
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Collision Cros^ections for Protein Io£ £X///JB/T J 



T Covey and D. J. Douglas 

Sciex, Thomhill. Ontario, Canada 



A method for the determination of cross sections for gas-phase protein ions, based on the 
energy loss of ions as they pass through a collision gas, is described. A simple model relates 
the energy loss to the number of collisions and hence the cross section. Results from a Monte 
Carlo model that support the validity of this approach are described. Experimental cross 
sections are reported for motilin, ubiquitin, cytochrome c. myoglobin, and bovine serum 
albumin. Cross sections range from approximately 800 A 2 for motilin to approximately 
14,000 A for bovine serum albumin and generally increase with the number of charges on 
the ion. Cytochrome c ions from aqueous solution show somewhat smaller cross sections 
than ions formed from solutions of higher organic content, suggesting that the gas-phase ions 
may retain some memory of their solution conformation, (f Am Soc Mass Spectrom 1993, 4, 
616-623) 



The development of electrospray and related ion- 
ization techniques has allowed, for the first time, 
the formation of many gas-phase protein ions 
[1]. Physical properties of these ions, such as size or 
conformation, are largely unknown. Collision cross 
sections can give one measure of the ion size (which 
may be related to conformation), but little is known 
about collision cross sections for these ions. Smith and 
Barinaga [2] reported dissociation cross sections of 
approximately 1000 A 2 (lO' 13 cm 2 ) for cytochrome c 
ions. A study of collision "focusing" in radiofrequency 
(RF) quadrupoles led to the speculation that collision 
cross sections must be approximately 1000 A 2 or more 
for such ions [3]. 

This report describes a novel method for the deter- 
mination of collision cross sections for gas-phase pro- 
tein ions. The loss of axial energy of an ion as it passes 
through a collision cell, containing an inert gas, is 
measured. A simple model gives the average energy 
loss in a single collision so that from the energy loss, 
the total number of collisions and hence cross section 
can be calculated. The use of the energy loss of ions to 
determine physical properties of ions (or the target) is 
not new (see, e.g., Bohr [4]) but to our knowledge, this 
is the first application to gas-phase ions of 
biomolecules. It is shown that for the ions studied 
cross sections are approximately 10M0 4 A 2 and that 
the method may find use for studies of conformations 
of these ions. Described here is the experimental proce- 
dure, a simple model for the energy loss process, a 
Monte Carlo simulation of ion energy distributions 
and collision cross sections for ions formed from 
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motilin, ubiquitin, cytochrome c, myoglobin, and 
bovine serum albumin. 



Experimental 

All experiments were performed on a PE-Sciex API III 
triple quadrupole mass spectrometry system, shown 
schematically (with notation) in Figure 1. Ions formed 
by pneumatically assisted electrospray (ion spray) en- 
ter the vacuum chamber through a small orifice and 
pass through an RF quadrupole (Q0) to the first ana- 
lyzing quadrupole (Ql), also operated in RF-only mode 
for this report. The potentials applied to the system are 
shown in Table 1. Ions enter the first RF quadrupole 
(Q0) at the potential of the orifice but have a sufficient 
number of collisions with the gas expanding from the 
orifice that their energies are moderated to a few volts 
or less in Q0. Therefore at Q2, the ions appear to be 
formed at a potential close to the Q0 rod offset. Be- 
cause the potential difference between the Q0 and the 
collision cell (Q2) rod offset voltages was 10 V, ions 
entered the collision cell with an energy of approxi- 
mately 10/ eV, where i is the number of charges on the 
ion (center-of-mass energies were typically 0.1-0.8 eV). 
With no collision gas added, stopping potentials were 
10 ± 0.5 V, in accord with this interpretation. Under 
these conditions, no collision-induced dissociation was 
seen. Quadrupole Q3 was operated in mass-resolving 
mode. Energy distributions of ions leaving Q2 were 
determined approximately from stopping curves ob- 
tained by increasing the Q3 rod offset voltage in steps 
of 1.0 V until the ion signal was attenuated by approxi- 
mately three orders of magnitude. Ion energy spreads 
(at 10%) were generally approximately 1 eV; excep- 
tions were some ions produced from cytochrome c (see 
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Surface-Induced Dissociation of Multiply 
Protonated Peptides 



Ashley L. McCormack*, Jennifer L. Jones, and Vicki H. Wysocki 

Department of Chemistry, Virginia Commonwealth University, Richmond, Virginia, USA 



We report here surface-induced dissociation spectra of three multiply charged peptides: 
doubly protonated angiotensin I, doubly protonated renin substrate, and triply protonated 
melittin. For comparison, the collision-activated dissociation spectra of renin substrate and 
melittin are also presented. The spectra show that surface-induced dissociation provides 
structural information on multiply charged peptides at the picomole per microliter sample 
concentrations compatible with electrospray ionization. For multiply protonated angiotensin 
I, renin substrate, and melittin, surface collisions (100-165 eV) favor a limited number of 
fragmentation pathways, which are the same as those favored in collision-activated dissocia- 
tion experiments. (J Am Sac Mass Spectrom 1992, 3, 859-862) 



In the case of singly protonated peptides produced 
by liquid secondary ion mass spectrometry (LSIMS), 
gas-phase collisional excitation of large peptides 
( < 3000 Da) produces sufficient fragmentation for 
structural analysis [1]. Extension to larger peptides is 
limited by losses in desorption and ionization effi- 
ciency and by the partitioning of a limited amount of 
internal energy to a large number of vibrational modes. 
Electrospray ionization (ESI) has gained considerable 
attention because it is an efficient means of generating 
multiply charged ions from large biomolecules, includ- 
ing proteins [2-6). Although the fragmentation mecha- 
nisms for formation of multiply charged peptides have 
not been fully elucidated, low-energy gas-phase colli- 
sional activation of mass-selected multiply protonated 
peptides has been shown to provide structural infor- 
mation [3]. Collision-activated dissociation (CAD) of 
peptides between the ESI skimmer cone and capillary 
can provide an additional method for obtaining se- 
quence information [7, 8). Surface-induced dissociation 
(SID) is an alternative means of dissociating ions; sev- 
eral investigators have reported SID spectra of singly 
charged peptides produced by LSIMS [9-13]. We re- 
port here SID spectra of multiply charged peptides and 
compare the spectra with those obtained by CAD. 

Experimental 

The instruments used in this investigation were a 
simple, inexpensive dual quadrupole mass spectrome- 
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ter specifically designed for ion/surface studies [14] 
and a triple quadrupole mass spectrometer (Finnigan 
TSQ70, San Jose, CA). Experimental details for the 
triple quadrupole mass spectrometer have been re- 
ported previously [15]. The SID instrument consisted 
of two Extrel (Pittsburgh, PA) quadrupoles (m/z range 
0-4000 Da) arranged at 90°, with a surface positioned 
to intersect the ion optical path of each quadrupole. 
The angle of the incident beam was 50° with respect to 
the surface normal. The surface used in this investiga- 
tion was stainless steel, although alternative surfaces 
are being investigated [16]. Data were acquired and 
processed with a Teknivent/Vector Two data system 
(Maryland Heights, MO). 

Electrospray ionization on the SID instrument was 
accomplished by using a modified version of the re- 
cently published electrospray designs of Chowdhury 
et al. [17] and Papac et al. [18]. The samples were 
dissolved in a 1:1 methanol: 1% acetic acid solution at 
final concentrations of 10-30 pmol/jiL. Samples were 
sprayed with a syringe pump through a syringe needle 
(4-5 kV) toward a metal capillary (170-200 V) at a rate 
of 2/iL/min. A heater wire in fiberglass sleeving was 
wrapped around the metal capillary to thermally dc- 
solvate the ions. The multiply protonated peptides 
were mass selected by Ql and allowed to collide with 
the surface at a selected laboratory collision energy. 
The product ions were analyzed by Q2. The laboratory 
collision energy is determined by (1) the potential 
difference between the skimmer cone and the surface 
and (2) the charge state of the ion. For simplicity, the 
potential difference between the skimmer cone and 
surface will be listed as IV; the kinetic energy of the 
collision is determined by multiplying IV by the 
charge state. Good quality SID spectra can be obtained 
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